The chemolithotrophic Zetaproteobacteria represent a novel class of Proteobacteria which oxidize Fe(II) to Fe(III) and are the dominant bacterial population in iron-rich microbial mats. Zetaproteobacteria were first discovered at Lo 'ihi Seamount, located 35 km southeast off the big island of Hawai'i, which is characterized by low-temperature diffuse hydrothermal venting. Novel nondegenerate quantitative PCR (qPCR) assays for genes associated with microbial nitrogen fixation, denitrification, arsenic detoxification, Calvin-Benson-Bassham (CBB), and reductive tricarboxylic acid (rTCA) cycles were developed using selected microbial mat community-derived metagenomes. Nitrogen fixation genes were not detected, but all other functional genes were present. This suggests that arsenic detoxification and denitrification processes are likely cooccurring in addition to two modes of carbon fixation. Two groups of microbial mat community types were identified by terminal restriction fragment length polymorphism (T-RFLP) and were further described based on qPCR data for zetaproteobacterial abundance and carbon fixation mode preference. qPCR variance was associated with mat morphology but not with temperature or sample site. Geochemistry data were significantly associated with sample site and mat morphology. Together, these qPCR assays constitute a functional gene signature for iron microbial mat communities across a broad array of temperatures, mat types, chemistries, and sampling sites at Lo 'ihi Seamount.
D
eep-sea hydrothermal vents are dynamic and extremely productive biological ecosystems supported by chemosynthetic microbial primary production. In the absence of photosynthesis, microorganisms derive energy via the oxidation of reduced chemicals [e.g., H 2 , H 2 S, Fe(II), and CH 4 ] emitted in hydrothermal fluids (1) . In contrast to other strategies for microbial chemosynthesis at hydrothermal vents, iron oxidation has only more recently been studied (2) . By weight, iron is the most abundant element in the earth, and it has vast potential as an energy source for microbes via chemolithoautotrophy coupled to Fe(II) oxidation (3) . However, iron's ability to act as an electron donor for the biotic fixation of CO 2 in neutrophilic environments is limited by the rapid abiotic oxidation of Fe(II) to Fe(III) in the presence of oxygen (4, 5) . Despite the ephemeral nature of iron as an energy source, iron-oxidizing bacteria (FeOB) have been identified in a wide array of freshwater and marine habitats and can flourish at circumneutral deep-sea vents with sharp redox gradients and hydrothermal fluids high in CO 2 and reduced iron (6) (7) (8) (9) . The recently described Zetaproteobacteria represent a novel class of marine Proteobacteria that are diverse and abundant contributors to deep-sea FeOB communities (10) .
Zetaproteobacteria were first discovered at iron-rich, low-temperature hydrothermal vents at Lo 'ihi Seamount, HI (2, 11) , and have been demonstrated to be significant microbial colonizers of seamounts (10, 12) . Lo 'ihi Seamount is a seismically active submarine hot spot volcano located approximately 35 km southeast of the big island of Hawai'i. It is the youngest seamount of the Hawaiian Island chain and actively emits Fe(II)-and CO 2 -rich hydrothermal vent effluent, which supports extensive microbial mats (9, 10, 13) . In 1996 a major eruption formed Pele's Pit (Fig.  1) , a 300-m wide caldera near the summit, with several active hydrothermal venting sites (14) .
The Zetaproteobacteria appear to have a relatively high phenotypic diversity, yet only one species, Mariprofundus ferrooxydans, has been described thus far (8, 15, 16) . M. ferrooxydans is a chemolithoautotrophic microaerophilic FeOB, with few genomic similarities to other hydrothermal vent Proteobacteria or other well-characterized freshwater iron oxidizers (16) . A recent study analyzed a number of iron-rich microbial biomes in a global survey of small subunit (SSU) rRNA gene sequences and identified 28 unique operational taxonomic units (15) . Of these, two were ubiquitous and thereby cosmopolitan throughout the Pacific Ocean. M. ferrooxydans was endemic to Lo 'ihi, suggesting that Mariprofundus sp. strains may be a comparatively minor lineage of Zetaproteobacteria from an ecological perspective (10) . In addition to Zetaproteobacteria, community structure analysis has consistently identified members of the Gammaproteobacteria, Deltaproteobacteria, Epsilonproteobacteria, and Chloroflexi (15, 17) at Lo 'ihi, suggesting additional metabolic and functional diversity within these iron-rich mat communities. FeOB produce Fe(III)-oxyhydroxides during iron oxidation in order to avoid encrustation as Fe(II) is oxidized to insoluble Fe(III) at circumneutral pH (pH 5.5 to 7.4). These structures are instrumental in the formation of microbial mats supplied by Fe(II)-rich vent fluids and are thought to be important in determining fluid flow, dispersion, colonization, and biotic geochemical cycling throughout the ecosystem (18) . Distinct mat types associated with various morphologies of Fe(III)-oxyhydroxides (e.g., tubular sheaths versus twisted helical stalks) have been consistently observed at Lo 'ihi. Fine-scale microscopy and terminal restriction fragment length polymorphism (T-RFLP) analyses of distinct mat morphotypes (17) provide evidence that various mat types may represent phylogenetically distinct distributions of microbial populations.
To better understand the interplay among the ecologically significant members of these iron-rich mat communities, functional genes were chosen that act as indicators of key steps in both carbon and nitrogen metabolic pathways. RubisCO (ribulose-1,5-bisphosphate carboxylase) is a key enzyme for carbon fixation via the Calvin-Benson-Basham (CBB) cycle. RubisCO type I and II enzymes are most often identified in deep-sea chemolithoautotrophs (19, 20) and have been identified in M. ferrooxydans. It has been suggested that these enzymes may be used under various oxygen and carbon dioxide conditions (8, 16) though type II (encoded by cbbM) is most effective in high-CO 2 environments (21). ATP citrate lyase (encoded by aclB), which catalyzes the ATPdependent cleavage of citrate, is one of only two enzymes unique to the reductive tricarboxylic acid (rTCA) cycle (22) . Though it has been shown that Zetaproteobacteria primarily fix carbon through the CBB cycle, other well-known hydrothermal vent organisms, including members of the Epsilonproteobacteria and Aquificales, are known to use the rTCA cycle (16, 23, 24) . Biological nitrogen fixation is considered an important potential nitrogen source in hydrothermal systems, and nifH sequences have been detected at vents along the Juan De Fuca Ridge (25) . Of the genes that encode the three different nitrogenase subunits, nifH, which encodes the nitrogenase reductase subunit, is the most commonly used as a molecular marker for microbial nitrogen fixation (26) . Nitrite reductase is often used as an indicator for microbial denitrification. The enzyme products (e.g., the product of nirK) are responsible for the conversion of nitrite to nitric oxide (or nitrous oxide). This is a key step in denitrification because it reduces mineralized nitrogen and helps differentiate denitrifiers from nitrate respirers (27) (28) (29) (30) . Finally, the detection of arsenic resistance genes (arsC) in our metagenomic assembly from Pohaku Vents represents an exciting opportunity to investigate arsenic detoxification in microbial mat communities at Lo 'ihi. This enzyme catalyzes the intracellular reduction of arsenate to arsenite, which is then extruded from the cell via an arsenite-specific protein pump (31, 32) . Meyer-Dombard et al. found both arsC and zetaproteobacterial SSU rRNA gene sequences in vent fluids and slide colonization experiments in the arsenic-rich waters at shallow hydrothermal vents at Tutum Bay, Papua New Guinea (33) .
This study describes the use of five novel, nondegenerate quantitative PCR (qPCR) assays to estimate the abundance of key functional gene sequences for carbon and nitrogen fixation, denitrification, and arsenic detoxification in Zetaproteobacteria-rich microbial mat communities at Lo 'ihi Seamount, HI. The goal of this research was to use qPCR in conjunction with chemical analyses and T-RFLP DNA fingerprinting to analyze microbial mat samples across a range of environmental parameters. Previous studies have used qPCR to quantify functional genes at hydrother- mal vents and in other microbial biomes (34) . However, many of these studies have utilized degenerate primers designed using sequence data from databases and other sources. All primers used in this study were either designed or modified to target only the respective functional genes found in metagenomics surveys, thereby focusing on the ecologically significant portion of our mat communities. Our unique approach to nondegenerate primer design for qPCR using sequence data derived from samples collected from these iron-rich microbial mats has enabled us to quantify functional genes specific to these habitats and communities across a wide array of sample sites, chemistries, temperatures, and mat morphologies.
MATERIALS AND METHODS
Sampling and DNA extraction for T-RFLP and qPCR. Microbial iron mat samples were collected within Pele's Pit hydrothermal venting sites, Hiolo North (Markers 31, 36, and 39) and Hiolo South (Markers 34 and 38), and on the caldera rim at Pohaku (Marker 57) at Lo 'ihi Seamount, HI (Fig. 1 ). Samples were collected using a biomat syringe (BMS) sampler, a custom-designed tool for fine-scale microbial mat sampling (35) . The BMS sampler was operated by the remotely operated vehicle (ROV) Jason II from the research vessel (R/V) Thomas G. Thompson during a March 2013 cruise to Lo 'ihi. Gross mat morphology was assigned based on consistently observed (unmagnified) mat structures at these sites (Fig. 2) . Sample names reflect ROV dive number (671 to 676), sample type and number (BMS1 to BMS3), and the sampler and syringes used (samplers A to D and syringes 1 to 6; e.g., B123456). For comparison, a single scoop sample, PV340, was also included. This sample was collected in 1997 using the deep submergence rescue vehicle (DSRV) Pisces V at Jet Vents (Marker 11). This location is no longer active, and the mat community was not indicative of an FeOB-dominated mat community but, rather, was dominated exclusively by populations of known sulfur-cycling Epsilonproteobacteria. Mat samples were brought onboard and either frozen at Ϫ80°C or directly extracted for genomic DNA (gDNA). Extractions were done using a FastDNA spin kit for soil (Qbiogene, Carlsbad, CA) according to the manufacturer's protocol. A FastPrep instrument (Qbiogene) was used at speed 5.5 for 45 s to optimize cellular lysis, and gDNA was then eluted in 10 mM Tris at pH 8.0. A NanoDrop ND-1000 spectrophotometer (NanoDrop, Wilmington, DE) was used to determine the purity and concentration of all nucleic acid samples.
Metagenomic sequencing and assembly. Two previously collected samples were used to verify qPCR primer design. Syringe sample J2-479-BS3 (81.8% Zetaproteobacteria by qPCR) was collected from a microbial iron mat at Pohaku (Fig. 1 ) in 2009 using the ROV Jason II. Scoop sample SB13 (13% Zetaproteobacteria) was collected in 2011 directly from an intertidal microbial iron mat at site 13, Soda Bay, AK, and immediately preserved with RNAlater. A HiSeq Illumina platform was used for sequencing gDNA (extracted as described above) from these samples. Reads were assembled using MetaVelvet, a freeware short-read assembler for metagenomics (36) . Genes of interest were identified using MG-RAST annotations of metagenome assemblies (37) .
Primer design. Nondegenerate qPCR primers for arsenate reductase (arsC) and nitrite reductase (nirK) were designed using annotated functional gene sequences from our Pohaku (J2-479-BS3) metagenomic assembly. Nitrogenase was not detected in the Pohaku metagenomics assembly. Therefore, nifH primers were based on an annotated functional gene sequence from the SB13 metagenomic assembly. Five sets of commonly used degenerate nifH primers (26) were also tested against Lo 'ihi 2013 BMS samples, with no amplification (data not shown). Nondegenerate qPCR primers were designed for carbon fixation genes using PCRcloned sequences. PCR primers for ribulose-1,5-bisphosphate carboxylase (RubisCO) type II (cbbM) and ATP citrate lyase (aclB) genes were first obtained from previous studies (38, 39) . These degenerate primer sets for cbbM and aclB were used to amplify and sequence PCR products from Lo 'ihi 2013 BMS samples. Sequence data for PCR-cloned amplicons were used to generate nondegenerate nested primer sets for qPCR that are specific for the microbial communities at Lo 'ihi (Table 1) . Nearly complete bacterial and Zetaproteobacteria SSU rRNA gene sequences from the NCBI database were aligned with the SILVA SINA web aligner (40) and imported into the SILVA, version 102, nonredundant (NR) database using ARB (41) .
Cloning for qPCR standards. PCRs were performed with 3 ng of gDNA template using a reaction mixture containing 1 M each forward and reverse primer, 2.5 mM MgCl, 1 M Taq, 1ϫ PCR buffer, 10 g of bovine serum albumin (BSA), and 200 M each deoxynucleoside triphosphate (dNTP). Thermocycling consisted of an initial 2-min hot start at 94°C, 35 cycles of 94°C for 1 min, 50 to 60°C for 90 s, and 72°C for 3 min, with a final elongation step at 72°C for 3 min. Annealing temperature varied for each primer set (Table 1) . PCR products were examined by electrophoresis on a 2% agarose gel in 1ϫ Tris-acetate-EDTA (TAE) buffer. PCR products were purified using a QIAEX II gel extraction kit (Qiagen, Valencia, CA) according to the manufacturer's protocol.
Cleaned PCR amplicons were cloned into the pCR4-TOPO Escherichia coli vector using a TOPO TA cloning kit for sequencing with One Shot TOP10 chemically competent cells according to the manufacturer's instructions (Life Technologies, Carlsbad, CA). Randomly selected colonies were streaked to isolation and then inoculated into 5 ml of LB broth at 37°C in a shaking incubator overnight. Plasmids were extracted and purified from cloned cells using a QIAprep miniprep system (Qiagen) and PCR screened for correct insert size using the M13F and M13R primers (42) . PCR products were examined by electrophoresis on a 2% agarose gel in TAE buffer.
Cloned amplicons were sequenced with M13F and M13R primers with an ABI 3130xl genetic analyzer (Life Technologies). Forward and reverse sequences were aligned and trimmed using BioNumerics, version 7.1 (Applied Maths, Sint-Martens-Latem, Belgium). Cloned sequences were analyzed to ensure the correct target for hybridization. All plasmid standards were linearized for use in qPCR assessments using the restriction enzyme NotI (New England BioLabs).
qPCR and T-RFLP analysis. qPCR amplifications were performed in triplicate using a Step One Plus real-time PCR system (Life Technologies). Reaction mixtures (20 l final volume) contained 10 l of 2ϫ Power SYBR green master mix (Life Technologies), forward and reverse primers (0.3 M each), and 1 ng of template DNA. Cycling conditions were 95°C for 10 min and 40 cycles of 95°C for 15 s and 50 to 60°C for 1 min, followed by melting curve analysis from 60 to 95°C. Total gene copy numbers were determined by analyzing a dilution series of a known quantity of plasmid containing the gene of interest (see above) as determined with a NanoDrop spectrophotometer. Standard curves and linear regression data for each assay were calculated, as well as standard deviation for each range of cycle threshold (C T ) values produced. Gene copy number per nanogram of gDNA was determined based on the size of the linearized plasmid used as the qPCR standard (43) . Percent Zetaproteobacteria was calculated by dividing Zetaproteobacteria gene copy numbers per nanogram of gDNA by copy numbers calculated against the bacterium-specific primer set (17) . No qPCR data were used unless primers exhibited better than 95% efficiency and yielded single-peak amplicons upon post-PCR melt curve analysis.
PCR amplification and digestion for T-RFLP were performed as previously described (44) . Community fingerprints were compared using average Pearson product moment correlation and unweighted pair group method with arithmetic mean (UPGMA) cluster analysis for all eight digests using the relative fluorescent proportions of each electropherogram. Cophenetic correlation coefficient values were calculated for all nodes with three or more branches.
Chemistry and temperature measurements. End-member hydrothermal fluids were collected from chimneys and microbial mats using a titanium major sampler deployed from the ROV Jason II (45) . Background samples were collected away from venting sites using Niskin bottles attached to the side of ROV Jason II. Hydrothermal fluid samples were filtered through 0.2-m-pore-size polycarbonate filters and then frozen immediately.
Fluid temperatures were measured using the temperature probe on ROV Jason II. NO x (NO 2 plus NO 3 ) was measured using the chemiluminescent method with a NO x box, which has a detection limit of Ͻ0.010 M NO x (46, 47) . NH 4 ϩ was measured using the fluorescence method (47) postcruise. The detection limit for NH 4 ϩ is 0.030 M. Dissolved inorganic phosphorus (P i ) and dissolved silica (mostly silicate; dSi) were measured using colorimetric methods, with detection limits of 0.030 M P i and 0.30 M dSi (48) . Fe(II) concentrations in mat samples were determined using the ferrozine method with a detection limit of Ͻ1 M (49).
Statistical analyses. A nonparametric Kruskal-Wallis one-way analysis of variance (ANOVA) was run for all functional gene qPCR data using the program SigmaPlot, version 12.5 (Systat Software, San Jose, CA). A nonparametric multidimensional scaling (NMDS) plot was created between variables for log-transformed functional gene qPCR data and Zetaproteobacteria abundance qPCR data using a Pearson product correlation resemblance matrix using Primer, version 6 (50). nifH gene amplification was low or undetectable by our method and was not included in the NMDS plot.
Four nonparametric one-way multivariate analyses of variance (MANOVA) were run for qPCR gene abundance numbers (cbbM, aclB, arsC, nirK, and nifH) for the following independent variables: mat morphology, temperature range (10°C intervals), percent Zetaproteobacteria range (5 to 10% intervals), and sample site. Three one-way MANOVA were run for chemistry data with the independent variables of mat morphology, temperature range, and sample site. Wilks' lambda P values below 0.05 were considered statistically significant. For significant results, tests between subject effect (univariate ANOVA) results were examined to determine which variables were statistically significant for a given independent variable (P Ͻ 0.05). These analyses were completed using the statistical software SPSS, version 17 (IBM, Armonk, NY). (Fig. 3 ). As expected, there was substantial variation in functional gene abundances across communities. Overall, the Calvin-Benson-Bassham (CBB) carbon fixation gene cbbM was the most abundant gene sequence, followed by arsC, nirK, and aclB, based on cumulative averages. Gene copy numbers for nifH were either very low or undetectable by our method. Two mat samples from Hiolo South (675-BM2-A123 and 675-BM1-A123) had relatively high arsC copy numbers and came from sites that were Ͼ40°C (upper end of the sampled temperature range). Pohaku sample 674-BM2-D12456 had the greatest number of cumulative gene copy numbers across the five qPCR assays (Ͼ10 7 ). Hiolo North sample 672-BM1-B123456 had the fewest gene copy numbers (Ͻ10 3 ) and had high aclB gene copy numbers per nanogram of gDNA relative to the other mat samples. Nonparametric Kruskal-Wallis one-way ANOVA showed that differences in the median abundances between functional genes were greater than would be expected by chance (P Ͻ 0.001). The nonparametric multidimensional scaling (NMDS) plot (Fig. 4) for qPCR functional gene variables and for Zetaproteobacteria abundance clustered cbbM, nirK, and arsC, with Ͼ60% Pearson correlation coefficient similarity. This group was also associated with Zetaproteobacteria abundance. aclB did not group with any other qPCR variable.
T-RFLP DNA fingerprinting (Fig. 5A ) revealed that the microbial communities at hydrothermal vents near the summit region of Lo 'ihi Seamount were very similar to each other (Ͼ40% similarity between samples). T-RFLP clusters were assigned membership in two distinct groups. T-RFLP group 1 had 33% Zetaproteobacteria on average and low aclB abundance relative to that of group 2. T-RFLP group 2 had 9.1% Zetaproteobacteria and much higher aclB copy numbers and was grouped more closely with the comparator sample PV340 (Zetaproteobacteria were only just detectable at 0.21% in this sample). Pohaku BMS samples were all clustered in T-RFLP group 1. Hiolo North and Hiolo South samples formed distinct clusters within group 1 according to vent type and temperature although 672-BM1-D123456, a Hiolo North curd-like mat, grouped more closely with the Pohaku mat samples. Two veil-type samples from different sites (672-BM1-B12345 and 672-BM2-A56C456) clustered tightly, with Ͼ80% similarity in the community fingerprint analysis. Clustering for group 2 (based solely upon T-RFLP data) was comprised of two Hiolo South samples, 675-BM3-D12346 (surface mat; 48.1°C) and 676-BM2-C34 (streamers; 33.1°C).
Functional gene data for key carbon fixation enzymes encoded by aclB (Fig. 5B) and cbbM (Fig. 5C ) were compared with the T-RFLP community analysis (Fig. 5A) . Sample PV340 had very high aclB gene copy numbers relative to those of the Lo 'ihi 2013 BMS samples. Group 2 was most closely associated with PV340, and group 1 samples had relatively low aclB gene copy numbers compared to those of group 2 and PV340. Both PV340 and 676-BM2-C34 are classified as streamers, filament-like mats in actively venting orifices (Fig. 2B) . Overall, samples low in aclB generally had much higher abundance of cbbM, which was ubiquitous in all samples.
Geochemical measurements were collected for 14 of our 17 Lo 'ihi BMS samples (see Table S1 in the supplemental material). Mat morphology and site location were significantly associated (see Table S2 ) with vent chemistry (one-way MANOVA, P Ͻ 0.0005 for both). Mat temperature was not significantly associated with any chemistry measure (one-way MANOVA, P ϭ 0.087). Univariate ANOVA showed that Fe(II) levels were significantly associated with mat type (P ϭ 0.003) and that NH 4 , NO x , dSI, and PO 4 were significantly associated with site (P ϭ 0.019, 0.030, 0.001, and Ͻ0.0005, respectively) (see Table S3 in the supplemental material).
One-way MANOVA for functional gene qPCR data indicated that mat morphology was a significant factor for qPCR variance across samples (P Ͻ 0.0005). Temperature, sample site, and percent Zetaproteobacteria did not significantly describe the variation in qPCR data (see Table S2 in the supplemental material). Univariate ANOVA revealed that aclB gene copy numbers were significantly explained by changes in mat type (P Ͻ 0.0005). Functional gene abundances for cbbM, arsC, nirK, and nifH were not significantly associated with mat morphology (see Table S4 ). 
DISCUSSION
These novel qPCR assays were designed to target annotated gene sequences from microbial mats at Lo 'ihi Seamount vent sites. Because our primers are nondegenerate, we have enhanced confidence in the sequence identity of the PCR amplicons. We are reporting on the amplification of functional genes via primers designed to target sequences unambiguously identified in microbial communities at our study sites. Most qPCR approaches to functional gene amplification in environmental samples have utilized degenerate primers and have largely focused on the amplification of one or two genes associated with a single pathway or group of organisms (51) (52) (53) . Use of degenerate primers increases the risk of nonspecific amplification, largely due to primer bias (54) . As qPCR is an exceptionally sensitive molecular tool, we chose to be conservative in our strategy for probe design, using either annotated metagenomic functional gene sequences or cloned sequence representatives of microbial mat communities present at Lo 'ihi to design primers (Table 1) .
Bacterial arsenic resistance and detoxification are conferred by arsC. We found that arsC is present and quantifiable in all ironrich mat communities assayed (Fig. 3) . Though there is presently no data on arsenate/arsenite chemistry at Lo 'ihi, a previous study found both arsC and zetaproteobacterial SSU gene sequences in arsenic-rich vent fluids (33) . We identified several samples high in arsC that are intriguing candidates for continued investigations into the presence and expression of arsenic cycling genes. Two samples (675-BM2-A123 and 675-BM1-A123) had exceptionally higher arsC genes present than the other Lo 'ihi 2013 mat communities analyzed. In the absence of measurements for arsenic geochemistry, it is difficult to speculate on why these two samples have elevated arsC gene copy numbers when other samples from Hiolo South did not. However, the difference may have to do with our ability for fine-scale sampling of mats at a diffuse vent site and/or the ephemeral nature of exposure to vent effluent.
Nitrogen fixation via nifH is the most commonly used molecular marker for nitrogen fixation (26) . However, amplification of nifH using a wide array of both degenerate and nondegenerate primer sets resulted in no detection (data not shown), nor was nifH detected in the Pohaku metagenome assembly. Therefore, we developed an assay to quantify nitrogenase (nifH) identified from a Zetaproteobacteria-rich iron seep at Soda Bay, AK. Still, gene abundance of nifH was estimated to be either very low or undetectable in the Lo 'ihi mat communities that were analyzed. It is possible that nitrogen fixation via nifH is not an important function of hydrothermal iron-based microbial mat communities even though it has been found in subseafloor hydrothermal vent habitats from the Juan de Fuca Ridge, where comparable levels of fixed nitrogen were measured (25) .
The presence of a dissimilatory copper-containing nitrite reductase (nirK) at Lo 'ihi is suggestive of denitrifying activity. Often used as a molecular probe for microbial denitrification, nir-encoded enzymes are responsible for reducing a mineralized form of nitrogen to a gaseous form (27) (28) (29) (30) . Though previous studies have identified denitrification genes at hydrothermal vents (34, 55, 56) , they were only recently detected at Lo 'ihi and in at least some Zetaproteobacteria as well via an annotated metagenomic assembly of a fosmid library (57) . The presence of nirK was detected in all mat samples described here, confirming the presence of denitrification genes in a wide array of iron mat communities. The presence of nirK is notable as nitrite reduction may open up new ecological niches for microorganisms within iron-rich mat habitats, with nitrogen oxides acting as electron acceptors in lieu of oxygen. Amplification of a major nirK gene across all samples indicates the capacity for denitrification and may expand the habitat range of Zetaproteobacteria to anoxic habitats containing nitrite.
The CBB cycle is thought to be the most prevalent mode of carbon fixation on earth and often occurs at hydrothermal vents (19) . RubisCO proteins are organized into four groups, with type I (encoded by cbbL) and type II (encoded by cbbM) most often identified in deep-sea chemolithoautotrophs (19, 20, 58) . A dimer of large subunits, the protein encoded by cbbM is considered most effective in higher-carbon dioxide environments (21) . High levels of CO 2 (Ͼ300 mM) have been detected in vent effluents at Lo 'ihi (59) , and metagenomic assemblies (data not shown) from Lo 'ihi mats have shown that cbbM is much more prevalent than cbbL. The ubiquity of cbbM in the 17 fine-scale mat communities collected with the BMS sampler and assayed here ( Fig. 3 and 5C ) suggests that the CBB cycle via cbbM is likely the most important mode of carbon fixation in this habitat. Both cbbL and cbbM have been identified in M. ferrooxydans (8, 16) . Future culturing endeavors should focus on the communities high in cbbM using enrichments with elevated CO 2 in an attempt to isolate the more ecologically relevant Zetaproteobacteria, which have an extremely broad biogeographic distribution (15) .
The reductive tricarboxylic acid (rTCA) cycle represents another mode of carbon fixation found at hydrothermal vents that can be characterized with ATP citrate lyase (encoded by aclB) (19, 23, 60) . M. ferrooxydans does not have aclB (16) . Other known hydrothermal vent microorganisms, including well-characterized members of the Epsilonproteobacteria and Aquificales, are known to utilize the rTCA cycle and have been identified at Lo 'ihi (16, 23, 24, 60) . aclB was much less abundant than cbbM in our 17 BMS samples ( Fig. 3 and 5B and C), suggesting that, while the gene sequence for aclB is present at Lo 'ihi, the rTCA cycle is not as widely used as the CBB cycle. As the rTCA cycle operates in the Epsilonproteobacteria and generally at higher-temperature deepsea vents, the abundance of cbbM relative to that of aclB supports the hypothesis that although aclB genes are present, Zetaproteobacteria at Lo 'ihi use the CBB cycle as their primary means of carbon fixation (10, 23, 38) .
Scoop sample PV340 was collected just after the 1996 eruption at a now dormant hydrothermal venting site (maximum temperature [T max ] of 196°C). At this time, the microbial mats within and around Pele's Pit were characterized by much higher temperatures and sulfur-dependent microbial communities. This sample exhibited high aclB, low Zetaproteobacteria, and low cbbM abundances relative to iron-rich samples collected in 2013 (Fig. 5B and  C) . Based on T-RFLP data, the PV340 sample represents a very different community than any of the 2013 Lo 'ihi iron mats (Fig.  5A ). This observation is consistent with temporal changes in microbial community composition at seamounts and gradual shifts from Epsilonproteobacteria-dominated communities to Zetaproteobacteria-dominated communities as vents cool and become more diffuse over time (10) . A Lo 'ihi 2013 streamer sample (676-BM1-C34) was contained in the T-RFLP cluster (group 2) nearest to PV340 and had high aclB copy numbers. This hypothesis is reinforced by Zetaproteobacteria abundance data; we found that the group 1 cluster had an average of 33% Zetaproteobacteria, whereas the group 2 cluster had only 9.1% Zetaproteobacteria. The posteruption microbial mat sample PV340 had only 0.21% Zetaproteobacteria, further suggesting that the percentage of Zetaproteobacteria present is inversely associated with aclB. Both zetaproteobacterial abundance and aclB gene copy numbers affect the observed community structure transitions since T-RFLP clustering is influenced by mat morphology and since there is a statistically significant relationship between aclB copy numbers and mat morphology (univariate ANOVA, P Ͻ 0.0005).
Geochemistry data were significantly correlated with mat morphology, suggesting that the chemistry of the mat environment is important for determining mat morphology. Fe(II) levels were also significantly correlated by mat type; thus, ferrous iron availability is also likely an important factor for determining mat morphology. As variance in the abundances of the five target genes was significantly associated with mat type via a one-way MANOVA, Fe(II) may also play a role in variation across functional gene abundances (see Table S2 in the supplemental material). This is unsurprising given the vital role of iron as an electron donor in the mat habitats at Lo 'ihi. qPCR-measured abundances for cbbM, arsC, nirK, and nifH were not associated with any independent variable in the univariate ANOVA, suggesting that these functional genes are not affected by vent temperature or site (see Table  S4 ). Conversely, aclB gene copy numbers were significantly affected by mat type, supporting the idea that this gene may be another good indicator of community composition. Morphology was significant with Fe(II) concentrations in the mats, leading us to hypothesize that reduced iron availability is a forcing function for functional gene abundances, community composition, and mat type.
Locations of the vents are important for some chemical factors, as seen by the significant relationship between sample site and amount of NH 4 , NO x , dSi, and PO 4 (see Table S3 in the supplemental material). This relationship between sample site and geochemistry was not reflected in the qPCR data. Changes in gene abundance occur gradually, while chemical changes in the vent environment may happen rapidly; and it is likely that the microorganisms living in ephemeral habitats are able to function within a range of chemistries. There was no detectable effect of temperature on geochemistry or qPCR data. This is likely due to the relatively narrow temperature range (20 to 50°C) of iron-dominated microbial mat communities.
An NMDS plot was created for the qPCR functional gene data (except nifH) and Zetaproteobacteria abundance using a Pearson correlation resemblance matrix (Fig. 4) . The NMDS analysis grouped cbbM, nirK, and arsC functional genes together. These genes loosely clustered with Zetaproteobacteria abundance, indicating that Zetaproteobacteria within the community affect the abundance of these functional genes. Both nirK and cbbM have been identified in PV-1 as well as in other uncharacterized strains of Zetaproteobacteria (16, 57) . Arsenic species have been associated with Fe(III) iron-oxyhydroxides, such as those formed by Zetaproteobacteria at Lo 'ihi, in both shallow and deep-sea hydrothermal vent systems (61) (62) (63) . The rTCA cycle gene aclB did not cluster with any other qPCR variable (arsC, nifH, nirK, or cbbM). This is unsurprising as it is widely accepted that the rTCA cycle is not associated with Zetaproteobacteria but with other taxa at vents, such as the Epsilonproteobacteria and Aquificales (16, 24) . T-RFLP group 2 and corresponding aclB abundances at Lo 'ihi may also be indicators of community structure; they are not associated with the greater Zetaproteobacteria-impacted microbial communities. Comparison of cbbM and aclB gene abundances revealed that while cbbM was ubiquitous in the iron-rich microbial mat habitats, aclB was present at appreciable amounts only in the Epsilonproteobacteria-rich PV340 and group 2 cluster of mat communities.
qPCR can be utilized to efficiently screen large numbers of samples for distinctive functional gene patterns in ecological contexts (53, 64) . The cumulative result of these five qPCR assays is the construction of a unique functional gene signature for discrete, fine-scale microbial mat communities (Fig. 3) . These functional gene signatures can be compared across a broad range of environmental parameters and can be used to identify exceptional samples for culturing efforts or additional molecular analyses. The five assays we developed can potentially be used in the continued study of the functional capacities of iron-dominated hydrothermal communities. qPCR is also a sensitive molecular tool that is best used in conjunction with other assessments and measures, such as the community structure and chemical analyses presented here. This study demonstrates the use of environmentally derived sequence data to design habitat-specific nondegenerate qPCR assays. When combined with phylogenetic and geochemical analyses, this approach gives strong insights into community dynamics and functions and can be applied across a variety of microbial communities and in a wide range of ecosystems.
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